A B S T R A C T To explore the role of urea in the urinary concentrating mechanism, the contents of vasa recta, Henle's descending limbs and collecting ducts were sampled by micropuncture of the renal papilla before and after infusion of urea in 10 protein-depleted rats. Eight protein-depleted rats not given urea were similarly studied as a control group. After urea administration, osmolality and the concentrations of urea and nonurea solute of urine from both exposed and contralateral kidney increased significantly. The osmolality and urea concentration of fluid from the end of Henle's descending limb and vasa recta plasma and the tubule fluid-to-plasma inulin ratio in the end-descending limb all increased significantly after urea infusion. We interpret these observations to indicate that urea enhances urinary concentration by increasing the abstraction of water from the juxtamedullary nephron (presumably the descending limb), in agreement with the prediction of recent passive models of the urinary concentrating mechanism. However, the concentration of urea in fluid from the descending limb after urea infusion was high (261±31 mM) and the difference in sodium concentration between descending limb fluid and vasa recta was small and statistically insignificant.
INTRODUCTION
Animals deprived of dietary protein exhibit an impaired ability to concentrate their urine, which is reversed by Portions of this work were presented to the American Society of Nephrology; Pennell, J. Phillip, Norman R.
Frey, and Rex L. Jamison. 1973 . The effect of infusing urea to protein-depleted rats on composition of vasa recta plasma and fluid in Henle's loop and collecting duct. Proceedings of the 6th Meeting of the American Society of Nephrology. 82. (Abstr.).
Dr. Jamison is a Markle Scholar in academic medicine. Received 8 April 1974 and in revised form 26 July 1974. administration of urea (1) (2) (3) (4) (5) (6) (7) . Despite numerous investigations (8) , the mechanism by which urea enhances urinary osmolality remains unclear. Recent theoretical models by Stephenson (9) and Kokko and Rector (10) have suggested a new role for urea in the inner medullary concentrating mechanism. In Stephenson's model, urea supplied to the medullary interstitium by the collecting tubule induces osmotic withdrawal of water from the descending limb which concentrates NaCl within the descending limb and dilutes NaCl in the medullary interstitium, depressing its NaCl concentration relative to that in Henle's loop.
A favorable gradient is thus established for outward NaCl diffusion from the water-impermeable thin ascending limb ("passive mode"). Stephenson's model incorporates a second mode of achieving hypotonicity of fluid within the thin ascending limb: by active transport of solute (Nat) from the thin ascending limb ("active mode"). The active and passive modes may operate alone or together (9) . Kokko (11, 12) has shown that the isolated perfused descending limb is very permeable to water and has a reflection coefficient for NaCl and urea near unity. Based on these findings, Kokko and Rector (10) proposed that fluid in the descending limb becomes concentrated almost exclusively by water extraction, owing to the high concentration of urea in the medullary interstitium, and that medullary hypertonicity is generated in a manner similar to the passive mode of Stephenson's model.
The purpose of this study was to examine the changes in composition of collecting duct and loop fluid and vasa recta plasma associated with the enhanced urinary osmolality caused by the infusion of urea into protein-depleted rats, and to determine whether the changes conform to the recent models of the concentrating mechanism. If the source of energy for inner medullary hypertonicity is provided exclusively by a concentrated solution of urea The Journal of Clinical Investigation Volume 55 February 1975.399.409 entering the inner medullary interstitium from the collecting tubules (passive mode), one would expect the following findings associated with the enhancement of urinary osmolality caused by the infusion of urea to protein-depleted rats: (a) increase in osmolality of fluid in Henle's loop and of plasma in vasa recta; (b) increase in tubule fluid-to-plasma (TF/P)1 inulin ratio at the end of Henle's descending limb reflecting an increase in water abstraction from that segment; (c) increase in the concentration of urea in collecting tubule fluid and vasa recta plasma 2 which exceeds the increase in concentration of urea in loop fluid; (d) increase in concentration of sodium in fluid at the end of Henle's descending limb which exceeds the increase in concentration of sodium in vasa recta plasma.
METHODS
Male Sprague-Dawley weanling rats ranging from 50 to 68 g in weight were fed a low protein diet for at least 3 wk (Nutritional Biochemicals Corp., Cleveland, Ohio) and allowed free access to water before study. This diet is a "low 8% protein" diet containing 8.0%o casein, 78.0% starch, 10.0% vegetable oil, and 4.0%o salt mixture no. 2 U.S.P. (200 meq NaCl per 100 g food), plus complete vitamin supplements. The rats were prepared for micropuncture of the left renal papilla, as previously described (13, 14) , except that no infusion was given during surgery. Urine from the right kidney was collected with a bladder catheter.
The rats were divided into two groups. 10 rats (group I) were studied initially during infusion at 0.03 ml/min of 0.9% saline containing 1.8 mU/ml antidiuretic hormone (ADH) (Pitressin, Parke, Davis & Co., Detroit, Mich.) and sufficient inulin to achieve plasma levels of 80-100 mg/100 ml. They were restudied in a second period 80 min after beginning a saline infusion containing 1.8 mU/ml ADH and 200 mM urea. A second group of rats was studied similarly except that in the second period urea was not added to the isotonic saline (plus ADH) infusion (group II).
During each period, fluid was collected from the tip of papillary collecting ducts, and a loop of Henle near the hairpin turn, as described before (13, 14) , and from an adjacent ascending vas rectum. Vasa recta blood was collected with a micropuncture pipet having a tip diameter of 8-9 Am. After puncture of a vas rectum, a small column of Kel-F oil (Kel-F, 3M Company, St. Paul, Minn.) was injected to detect inadvertent entry of the pipet into a loop or collecting duct and to confirm puncture of an ascending vas rectum. If a tubule was entered during puncture or if the stream of erythrocytes entering the pipet was not continuous, the sample was discarded. Plasma samples were obtained to bracket each collection period.
The procedures used to handle tubule fluid have been described before (15) . Vasa recta blood samples were handled in the following manner: Immediately after col-'Abbreviations used in this paper: ADH, antidiuretic hormone; TF/P, tubule fluid-to-plasma. 2 It is assumed that for small solutes like sodium, chloride, and urea the contents of vasa recta and medullary interstitium are in equilibrium. A similar assumption was made by Stephenson (9) and by Kokko and Rector (10) . lection, the sample of vasa recta blood was discharged from the pipet onto the bottom of a glass petri dish filled with mineral oil and then was aspirated into a glass microcapillary tube with oil on either side of the sample. After one end was sealed with an oxygen microtorch, the microcapillary tube was placed in a larger microhematocrit tube and centrifuged for 10 min. The microcapillary tube containing the sample was removed, placed under oil, and the end containing the cells broken off with tweezers so that the plasma could be transferred to an oil-filled plastic trough designed for mounting on a microtransfer apparatus. Thereafter, the sample was handled in the same manner as tubule fluid samples.
Fluid from loops and collecting ducts, vasa recta plasma, urine, and systemic plasma were analyzed for osmolality, sodium, potassium, inulin, and urea by methods previously described (15, 16) .
At the end of the experiment, samples of arterial blood were obtained from seven rats (four urea infused, three control rats) for measurement of total serum protein concentration (17) 3 (mean= 2.6±0.3 g/100 ml).
Urea concentration in vasa recta plasma was corrected for plasma water, assuming protein concentration of vasa recta plasma of 5 g/100 ml. The concentration of sodium was not corrected for plasma water in the vasa recta since the effect of the Gibbs-Donnan rule would contribute a nearly equal but opposite correction.
Data presented are the mean±+SE derived from the data for each rat. Differences between urea-infused and control rats were analyzed statistically with the Student's t test; differences between the first and second periods within each group were analyzed with the paired t test (18) . RESULTS The growth rate of protein-depleted rats was markedly reduced: daily weight gain was less than 1 g, whereas weanling rats fed a normal diet gain about 5 g per day (unpublished observations). Arterial blood and plasma data are presented in Table I Collecting duct fluid (Table III) . The osmolality of collecting duct urine from the exposed papilla was hyperosmotic during the initial period of study. In response to urea infusion, the mean osmolality of collecting duct fluid rose significantly from 686 to 1,047 mosmols/kg H20 whereas there was no significant change in the control group. The concentration of both urea and nonurea solute in collecting duct urine also increased sig- Data are the mean ± SE. Abbreviations: FE, fractional excretion as percent of load; kw, kidney weight; NS, not significant (P > 0.05); NUS, nonurea solute; U/P inulin, urine-to-plasma inulin. * One urinary sample was lost. $ Significance of the difference between first and second period, using paired comparison. § Significance of the difference in change between periods in group I compared to that in group II, using group comparison.
1H0.05 < P < 0.06. Descending limb fluid (Table IV) .' The concentra4For reasons previously discussed (13), we consider fluid obtained near the hairpin turn of Henle's loop to represent fluid from the end of the descending limb.
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tion of urea rose strikingly in loop of Henle fluid in the urea-infused rats, while changing only slightly in the control group (Fig. 1) . Indeed, the infusion of urea to these protein-depleted rats restored the urea concentration of descending limb and collecting-duct fluids to values similar to those previously found for antidiuretic rats fed normal diets (287 mM + 32 and 345 mM + 42 in de- TF/P urea. Because the concentration of urea increased by a greater factor in the plasma than it did in the tubule fluid, the mean TF/P urea was slightly but not significantly lowver after urea infusion. The increase in osmolality of fluid at the end of the descending limb after urea infusion (423±76 mosmols/ Data are the mean + SE. Abbreviations: same as in Table IV. * n = 8 rather than 10 because in two rats ascending vasa recta plasma not obtained in both periods.
t, § Same as in Table II. 0.05 < P < 0.06. ¶ Corrected for plasma waiter, assumilg protein concentration of vasa recta plasma = 5 g/100 ml. (Fig. 2) . There was a significant increase in TF/P sodium of descending limb fluid in both groups; urea infusion had no differential effect. Vasa recta plasma (Table V) . The osmolality of vasa recta plasma increased significantly in both groups of rats, 280±56 mosmols/kg H20 after urea infusion and 124±48 mosmols/kg H20 in the control group. The concentration of urea rose strikingly after urea infusion, but the concentration of sodium did not change significantly.
Comparison of loop fluid and adjacent vasa recta plasma (Table VI ). The differences in osmolality and concentration of sodium and urea between descending limb fluid and plasma of adjacent ascending vasa recta are shown in Table VI . In both groups during the first period, the osmolality of vasa recta plasma was slightly higher than that of adjacent descending limb fluid (0.05 < P < 0.06 in group I and P < 0.05 in group II), but the difference disappeared during the second period. After infusion of urea, the concentration of urea in vasa recta plasma was significantly higher than that in adjacent descending limb fluid.
The difference in sodium concentration between fluid in loops and adjacent vasa recta was not statistically significant in either period. However, after urea infusion, the sodium concentration difference changed significantly in a direction favoring diffusion of sodium out of loop of Henle fluid, while the change was not significant in the control group. DISCUSSION Control group. The osmolality of urine, loop fluid, and vasa recta plasma increased between the first and second periods in the control rats. Especially marked was the increase in osmolality of fluid from the descending limb (+ 30%). Presumably the cause for the general rise in osmolality is related to those factors responsible for the increase in concentration of sodium in fluid in the descending limb from 236 to 316 meq/liter. We have no ready explanation for this finding. However, the rats excreted a urine at the beginning of surgery significantly less concentrated (mean=430+94 mosmols/ kg H20, unpublished data) than urine formed during the first period, 1 h after the ADH-containing infusion was begun. The increase in concentration of sodium in descending limb fluid may represent in part a cumulative effect of ADH, analogous to the effect of ADH in diuretic rats (19) , or water deprivation in normal rats (20) . We assume the factors responsible for the changes in the control animals were the same in the urea-infused rats.
but cannot be certain.
Urea-infused group. The osmolality of urine from the right kidney increased after urea infusion by 59%, reflecting an increase in the concentration of both urea and nonurea solute, in accord with published findings (1) (2) (3) (4) (5) (6) . We have previously observed (13, 16, 21) , as have others (22) (23) (24) , that exposure of the papillary tip compromises the ability to elaborate a concentrated urine. (Compare urinary osmolality from right and left kidneys in Tables II and III. ). However, it is noteworthy that after urea infusion, urinary osmolality increased by the same proportion in left and right kidneys and urinary concentrations of urea and nonurea solute from both sides were significantly increased. The osmolality and urea concentration of collecting tubule fluid after urea infusion were similar, respectively, to values previously found in normally fed rats (16) . Thus, it seems reasonable to infer that changes in the composition of loop of Henle fluid and vasa recta plasma in the exposed papilla after urea infusion reflect qualitatively similar changes in the undisturbed contralateral kidney.
Loop of Henle fluid and vasa recta plasma. The experimental design permits a direct examination of the composition of papillary fluid compartments in vivo before and after enhancement of urinary concentration by urea administration to protein-depleted rats.
Although loop fluid and vasa recta plasma were initially hyperosmotic, the osmolality of each was substantially enhanced after urea infusion. The urea concentration in both vasa recta plasma and loop fluid was low in period I (Fig. 1) , but after the urea infusion it was significantly higher in vasa recta plasma than in fluid in an adjacent descending limb (Table VI) .
A striking finding after urea infusion was the increase in mean TF/P inulin in the end-descending limb from 4.62 to 6.41, the latter value similar to that found in normal antidiuretic rats (13, 14, 16) (Fig. 2) . The site in the nephron in which water reabsorption was enhanced cannot be determined precisely because the juxtamedullary proximal tubule and its short pars recta (25) are inaccessible, but it is likely to be the descending limb. The reflection coefficient for urea of the isolated proximal tubule in vitro is approximately 0.7 (12) , so that an increased urea concentration in the glomerular filtrate would, if anything, retard proximal tubule fluid reabsorption. The TF/P inulin at the end of the juxtamedullary proximal tubule can be estimated indirectly. Assuming (a) zero net transtubular flux of sodium across the descending limb (and pars recta in the outer medulla) and (b) TF/P Na = 1.0 in the juxtamedullary proximal tubule at the corticomedullary junction, the TF/P inulin at that point can be calculated by dividing end-descending limb TF/P inulin by end-descending limb TF/P Na (16, 19) . Computed in that manner, the TF/P inulin in the juxtamedullary proximal tubule at the corticomedullary junction was 2.85±0.28 before and 2.85±0.38 after infusion of urea. Hence, we infer that the increase in TF/P inulin after urea infusion was due to increased water extraction from the descending limb.
Role of urea in the urinary concentrating mechanism. Several investigations have focused upon the mechanism by which urea increases urinary osmolality (26-28). Berliner, Levinsky, Davidson, and Eden (26) proposed that urea supplied by passive diffusion from medullary collecting duct urine is maintained at a high concentration in the medullary interstitium by countercurrent exchange with Henle's loops and vasa recta. As a result the high urinary concentration of urea adds to total urinary osmolality and is osmotically balanced across the collecting duct by interstitial urea rather than sodium chloride.
Recently another mechanism has been postulated for urea enhancement of urinary osmolality (9, 10) . Stephenson (9) proposed that inner medullary hypertonicity is achieved by either an active transport mode or a passive mode. In both modes, solute (NaCl reabsorbed from the thin ascending limb and urea reabsorbed from the collecting duct) enters the vascular core (vasa recta and medullary interstitium) and extracts water from the descending limb, thereby increasing its solute concentration. The distinction between the two modes lies in the NaCl reabsorptive process in the thin ascending limb. In the active transport mode Na+ is actively reabsorbed from the thin ascending limb, a proposal identical to that of Kuhn and Ramel (29) and reflecting Kuhn's original idea (30) that Henle's loop is the site of the energy requiring process by which water and solute are separated ("single effect"). In the passive mode, extraction of water from the descending limb elevates the Na+ concentration of fluid delivered into the thin ascending limb above that in the vascular core so that a concentration difference is established for the passive reabsorption of Na+ from the thin ascending limb by diffusion down its electrochemical gradient. One difference between active and passive modes, therefore, is that the greater the extent to which solute is secreted into the descending limb (solute recycling) rather than water extracted from it, the more difficult it is for a passive mode alone to generate the necessary driving force for Na+ reabsorption from the thin ascending limb. For example, since the contents of the descending limb and medullary interstitium are in osmotic equilibrium, or very close thereto (31-34, Table VI), as more urea diffuses into the descending limb from the interstitium, and lessens the difference in urea concentration between the two compartments, the difference by which the sodium concentration in loop fluid exceeds that in the interstitium must necessarily be diminished.
Kokko and Rector (10) proposed in their passive model that fluid in the descending limb becomes concentrated almost exclusively (96%) by water extraction owing to the high medullary interstitial urea concentration, and that hypertonicity of the inner medulla is maintained in a way similar to Stephenson's passive mode. In both passive models the energy required for medullary hypertonicity is supplied by active Na reabsorption by the urea-impermeable thick ascending limb in the outer medulla and cortex, which results in a high urea concentration in collecting tubule fluid reaching the inner medulla (9, 10) . It now seems clear that chloride, not sodium, is the principal ion actively transported out of Effect of Urea on Urinary Concentrating Mechanism in Protein Depletionthe thick ascending limb (35, 36) , but presumably whether sodium or chloride is actively transported is of little consequence to the theoretical models.
Our finding of enhanced water reabsorption in the descending limb after urea infusion confirms an important prediction of the passive models for the concentrating mechanism in vivo. To ascertain whether the increased water extraction led to an enhanced driving force favoring NaCl reabsorption from the thin ascending limb, we compared the composition of descending limb fluid and adjacent vasa recta plasma in the first and second periods in experimental and control animals ( Table VI) . In neither period was the difference in Na' concentration between descending limb fluid and vasa recta plasma significant, although the change from first to second period was statistically significant and in a direction predicted by the passive models. The gradient for Nat diffusion is much less than that suggested by Kokko and Rector (see Fig. 2 in reference 10 ), but they have stated (10) that the absence of NaCl gradients at the bend of the loop does not necessarily negate their model because given the right combination of permeability characteristics and flow rates, a sufficiently hypoosmotic tubule fluid could be generated as fluid moves up the thin ascending limb into a region of lower interstitial salt concentration.
The high concentration of urea in fluid at the end of the descending limb after urea infusion (mean = 261 mM) presents two difficulties for a completely passive concentrating mechanism, one concerning the concentrating process in the descending limb and the other regarding the diluting process in the ascending limb. Calculations of the percentage of filtered urea remaining in fluid at the end of the descending limb ([TF/P urea]/[TF/P inulin]) X 100 reveal values consistently greater than 100%, indicating net urea addition (secretion). In the first period the percentages remaining were 930%±290% SE, control group, and 650%+180%, urea group (difference not statistically significant). In the second period the percentage remaining did not change significantly in control rats, 910%±+150%. Although it declined to 300%±+50% after urea infusion, because the urea concentration increased by a greater factor in the plasma than in the tubule fluid, the change in percentage of filtered urea remaining was not statistically significant. The precise values are subject to some analytic uncertainty, especially in those periods where the plasma urea concentration was low, but it is clear that there was a large component of urea secretion in the juxtamedullary nephron up to the hairpin turn. Presuming the absence of urea secretion into the juxtamedullary proximal tubule, the most likely site of urea secretion is the descending limb.
The first difficulty posed by urea secretion for the passive models is: how can urea simultaneously extract water from the descending limb and be secreted into the descending limb? As indicated in the Appendix, a likely answer stems from the relative permeabilities of the descending limb to water and urea and the progressive increase in urea concentration in the inner medulla. We suggest the processes of water extraction and urea secretion are to a large degree spatially separated within the descending limb, water extraction occurring primarily in the initial half, and transtubular urea entry primarily in the distal half. This need not require varying permeability characteristics along the descending limb, but simply reflects the fact that water is reabsorbed by the descending limb at a faster rate than urea enters (see Appendix). The second difficulty created by the high urea concentration in end-descending limb fluid with regard to the passive models is the implication that fluid issuing from the juxtamedullary thick ascending limb is hyperosmotic. It is essential to the passive models that a difference in urea concentration exist between medullary interstitium and thin ascending limb fluid favoring urea diffusion into the thin ascending limb throughout the entire inner medulla. Since both thin (37) (38) (39) and thick ascending limbs (35, 36) are impermeable to water and the thick ascending limb is impermeable to urea (40) , it follows from the assumption of a gradient favoring urea entry into the thin ascending limb that the concentration of urea progressively increases as the tubule fluid ascends within the thin ascending limb and is maintained at its highest concentration throughout the thick ascending limb. Thus the concentration of urea in fluid at the end of the descending limb, according to the model, sets a lower limit for the concentration of urea in fluid leaving the juxtamedullary thick ascending limb in the cortex.
Presumably other solutes are present in fluid in the thick ascending limb, too, notably NaCl (41) In other words, dissipation of the osmotic gradient owing to net removal of solute in excess of water from the medulla by juxtamedullary nephrons is offset by the counter-balancing action of the delivery of hypoosmotic fluid from the medulla by the superficial nephrons, since they outnumber juxtamedullary nephrons by three or four to one in the rat.
On the other hand, if fluid issuing from the juxtamedullary thick ascending limb is hypo-osmotic to the cortical interstitium, urea reabsorption must occur in the ascending limb, presumably the urea-permeable thin segment. Since NaCl is the other principal solute present, to the extent that urea diffuses out of the thin ascending limb, continued reabsorption of NaCl in that segment can no longer be accounted for by the proposed passive mechanism.
The present findings do suggest that urea contributes to the inner medullary concentrating mechanism by extracting water from the descending limb, elevating the concentration of NaCl in fluid entering the thin ascending limb, and reducing net back leak of NaCl from interstitium to tubule lumen (9) . Thus urea may enhance net reabsorption of NaCl from the thin ascending limb by the simultaneous operation of both active transport and passive modes (9) .
To summarize, enhanced urinary osmolality in protein-depleted rats infused with urea is attended by: (a) increased papillary hypertonicity; (b) increased urea concentration in all papillary structures; and (c) increased water extraction from the descending limb. Moreover, a small but statistically significant shift in the transtubular difference in sodium concentration was observed favoring the efflux of salt from the thin ascending limb and minimizing back leak. The results provide strong support for the idea that urea extracts water from the descending limb, but in our view they are difficult to reconcile with a purely passive inner medullary concentrating mechanism, suggesting instead that solute (NaCl) reabsorption from the thin ascending limb occurs, at least in part, by active transport.
APPENDIX
The purpose of this Appendix is to examine whether urea in the medullary interstitium can contribute to the osmotic driving force for extracting water from the descending limb of Henle (DLH) and at the same time enter the DLH in substantial quantities over its length. The results of the determination are affirmative and indicate that the processes of water extraction and urea entry occur to a large extent at spatially separate sites in the DLH. The numerical values, though close to data obtained in vivo, are intended as a qualitative, not a quantitative representation.
The model chosen is a semi-flow-through system in which exterior conditions are forced to represent linear concentration profiles for NaCl and urea in the medullary interstitium.
At any given point, x, along the length of the DLH, the equations governing transtubular fluxes of solvent and solutes are provided by irreversible thermodynamics (43), and are: Iv = Lp-Sp (Ap-4aiAirt) for the solvent, (1) and J1 =Pi-SpAC, + C' (1-a-)Jv for the solutes i, (2) where JI is the transmembrane water flux, JI is the transmembrane flux of solute i, L, is the membrane hydraulic permeability, Pi is the membrane permeability to solute i, o% is the reflection coefficient of the membrane to solute i, 7r4 is the osmotic pressure due to solute i, C4 is the log mean concentration of solute i, S, is the surface area per unit length of the membrane, and p is the hydraulic pressure.
The system is governed by a set of mass balance equations for the rates of change of mass flow down the DLH of solvent and solutes. For the purpose of simplicity, only equations for water and urea are considered here, although the interior and exterior NaCl concentrations affect the former. An equation for NaCl is not coupled to the other two as it is assumed that there is no movement of NaCl across the membranes (11) .
The differential mass balance equations are:
dQ -J, for volumetric flow rate, dx
where Q = volumetric flow rate, JI = water flux out of the DLH lumen, and x = length down the DLH. 
where C= concentration of urea in the DLH lumen and JU = urea flux into the DLH lumen. Eq. 4 
The two terms on the right side represent the increase in urea concentration due to urea entry and water extraction. Eqs. 3 and 5 represent a pair of coupled first-order nonlinear differential equations, since J. and J, are functions of C.
The expression for I,, is simplified by consideration of only the osmotic term (the hydraulic pressure gradient can be safely assumed to be negligible across the DLH in vivo). The second term (solvent drag) in the expression for the urea flux, J., was also assumed negligible to the first order and this was confirmed a posteriori.
The pair of equations were solved simultaneously using Runge-Kutta-Merson numerical scheme for the following conditions: flow rate entering DLH, 9 nl/min; osmolality of NaCl entering the tubule, 300 mosmol/kg H10; osmolality of urea entering the tubule, 0 mosmols/kg H10; external urea concentration, varying from 0 to 300 mosmols/ kg H20 linearly along the DLH length; external NaCl concentration, varying from 300 to 700 mosmols/kg 1120 linearly along the DLH length; length of DLH, 5 mm; PN~ei, assumed 0 to consider only the effect of urea entry; erea, 0.95; enaci, 0.96; surface area to length of DLH ratio, 6 X 10-8 cm.
The equations were solved for two urea permeabilities reported in the literature (12, 37 We see that there is a threefold drop in flow rate from 9 nl/min to 3 nl/min, with most of the drop occurring in the first half of the DLH. Urea entry, on the other hand, takes place in increasing quantities as a function of distance, and very little urea enters over the early portion of the descending limb. Urea concentration therefore remains low in the early portion of the DLH, but rises sharply later on, due both to entry of urea and additional water extraction.
Under these conditions over the earliest sections of the DLH, e.g. the first millimeter, the lumenal fluid tends to equilibrate by water extraction almost exclusively. It is reasonable, then, that Kokko should have found this to be the case in vitro, since only small segments of DLH (approximately 1-2.8 mm) were perfused (11, 12) . Moreover in the in vitro studies, the bath was made uniformly hyperosmolar to the perfusate by addition of solute (urea, or urea and salt) (11, 12 Note that in either case NaCl was not allowed to pass into the DLH lumen from the exterior. Releasing this constraint would further increase solute entry over the length of the DLH as opposed to water extraction.
In summary, although both water abstraction and solute entry occur over the entire length of DLH, the decrease in flow rate in the DLH occurs principally over its initial portion, whereas solute entry, and particularly solute concentration of fluid in the lumen, rise largely over the later portion. The effects are more separated spatially for smaller solute permeability and larger hydraulic permeability. In this manner urea in the medullary interstitium acts to extract water from the DLH and also diffuses into the DLH.
